Previous research has shown that elevated CO 2 reduces plant resistance against insects and enhances the water use efficiency of C 3 plants, which improves the feeding efficiency of aphids. Although plant mitogen-activated protein kinases (MAPKs) are known to regulate water relations and phytohormone-mediated resistance, little is known about the effect of elevated CO 2 on MAPKs and the cascading effects on aphids. By using stably transformed Nicotiana attenuata plants silenced in MPK4, wound-induced protein kinase (WIPK), or salicylic acid-induced protein kinase (SIPK), we determined the functions of MAPKs in plant-aphid interactions and their responses to elevated CO 2 . The results showed that among all plant genotypes, inverted repeat MPK4 plants had the largest stomatal apertures, the lowest water content, the strongest jasmonic acid (JA)-dependent resistance, and the lowest aphid numbers, suggesting that MPK4 affects plant responses to aphids by regulating stomatal aperture and JA-dependent resistance. Regardless of aphid infestation, elevated CO 2 up-regulated MPK4, but not WIPK or SIPK, in wild-type plants. Elevated CO 2 increased the number, mean relative growth rate, and feeding efficiency of aphids on all plant genotypes except inverted repeat MPK4. We conclude that MPK4 is a CO 2 -responsive plant determinant that regulates the molecular interaction between plants and aphids.
Introduction
Global atmospheric carbon dioxide (CO 2 ) concentrations have been increasing at an accelerating rate from 280 ppm before industrialization to 410 ppm in May 2017 (https:// www.CO 2 .earth/). CO 2 levels have been predicted to reach 550-950 ppm by the end of this century (Stocker et al., 2013) . Elevated CO 2 typically has two major effects on plants: it increases their photosynthetic rate and decreases stomatal conductance. These two fundamental responses subsequently increase the carbon (C) assimilation and the water-use efficiency, which are expected to enhance the yields of C3 plants (Ainsworth and Rogers, 2007) . Furthermore, the assimilation and re-assignment of C and nitrogen (N) resources as well as enhanced water relations within plant tissues under elevated CO 2 has cascading effects on the performance of herbivorous insects and their natural enemies (Pritchard et al., 2007) .
A meta-analysis showed that elevated CO 2 decreases the fecundity and survival for most species of herbivorous insects because of decreases in the N-based nutritional quality of the plant (Robinson et al., 2012) . The decreased N concentration in C3 plants resulting from elevated CO 2 does not, however, appear to limit some phloem-feeding insects; on the contrary, elevated CO 2 increases the abundance and feeding efficiency of some species of aphids while decreasing host plant amino acid concentrations (Robinson et al., 2012; Oehme et al., 2013) . These results support the hypothesis proposed by Awmack et al. (1997) that this feeding guild might have a prolonged feeding time in phloem and compensatory feeding responses when feeding on plants grown under elevated CO 2 . The authors also proposed that the feeding efficiency of aphids under elevated CO 2 should be enhanced to compensate for their faster growth and decreasing concentrations of ingested amino acids. Consistent with this view, Sun et al. (2009) suggested that in cotton the aphid Aphis gossypii should ingest more phloem sap to satisfy its nutritional requirements. For sap-sucking aphids, increases in feeding efficiency and prolonged ingestion in phloem are often accompanied by a reduced penetration phase and an increased xylem absorption phase (Nalam et al., 2012) . The reduced penetration phase indicates that aphids more easily establish feeding sites in phloem sieve elements. The increased absorption of water during the xylem absorption phase decreases the osmotic pressure of the sugar-rich phloem sap in the aphid and maximizes its ability to ingest nutrients from the phloem (Alvarez et al., 2006; Pompon et al., 2011) . Previous studies confirm that elevated CO 2 impairs the efficient induced defences of plants but increases the water potential of plant leaves; these changes result in a reduced penetration phase, a prolonged xylem absorption phase, and consequently an increase in the phloem feeding efficiency of aphids (Casteel et al., 2012; Guo et al., 2014; Sun et al., 2015) .
Elevated CO 2 enhances water use efficiency of plants due to a decrease in stomatal conductance by an average of 22% across 285 species of C 3 plants (Ainsworth and Roger, 2007) . A growing number of studies confirm that elevated CO 2 -induced stomatal closure is independent of the abscisic acid (ABA)-signalling pathway and that signalling induced by elevated CO 2 occurs via novel players, namely mitogenactivated protein kinases (MAPKs) MPK12 and MPK4 in Arabidopsis (Hõrak et al., 2016) . Furthermore, MPK12 and MPK4 activate the anion channel SLAC1 in the guard cells and induce stomatal closure by inhibiting an essential CO 2 -specific regulator of stomatal movement, HIGH LEAF TEMPERATURE1 (HT1) (Jakobson et al., 2016) . Thus, the MAPK signalling pathway is a key regulator of CO 2 -induced stomatal closure. The differential expression of MPK12 between two genotypes of Arabidopsis also leads to differences in transpiration efficiency and in whole-plant differences in water use efficiency (Marais et al., 2014; Campitelli et al., 2016) , which may affect the xylem-absorption phase and phloem-feeding osmoregulation of the aphids feeding on the plant. This suggests that the effects of elevated CO 2 on the MAPK signalling pathway and on plant water status should be investigated in order to understand the interactions between host plant water status and aphid feeding efficiency under elevated CO 2 .
In addition to regulating changes in stomatal aperture induced by elevated CO 2 , MAPKs can also modulate plant resistance against biotic invasion by initiating the synthesis of defensive phytohormones (Stratmann et al., 2000; Ryan et al., 2003) . The best-characterized MAPKs involved in plant resistance against insects are MPK3, MPK4, and MPK6 in Arabidopsis (Meng et al., 2013) . In tobacco, wound-induced protein kinase (WIPK), an ortholog of Arabidopsis MPK3, and SA (salicylic acid)-induced protein kinase (SIPK), an ortholog of Arabidopsis MPK6, confer efficient resistance against chewing insects and pathogens by up-regulating jasmonic acid (JA) or SA phytohormone signalling pathways (Zhang and Klessig et al., 1997; Wu et al., 2007) . In contrast, MPK4 is reported to negatively regulate plant immunity as mutants in MPK4 show constitutive JA-or SA-mediated defence responses that confer increased resistance against pathogens and chewing insects (Petersen et al., 2000; Liu et al., 2011; Hettenhausen et al., 2012; Hettenhausen et al., 2013) . Furthermore, elevated CO 2 up-regulates SA-mediated resistance but down-regulates JA-mediated resistance in several C 3 plants including soybean, Medicago truncatula, tomato, and Arabidopsis. The changes in SA and JA signalling affect the susceptibility of host plants to herbivorous insects under elevated CO 2 Zavala et al., 2008; Sun et al., 2010; Guo et al., 2014) . In the case of aphids, for example, the up-regulation of the SA signalling pathway and the down-regulation of the JA signalling pathway decrease the duration of the penetration phase of aphids and enhance their feeding efficiency under elevated CO 2 (Guo et al., 2014) . Given the involvement of MAPKs in the regulation of JA and SA signalling pathways, it is reasonable to hypothesize that up-regulation of the SA signalling pathway and down-regulation of the JA signalling pathway are probably due to modifications of the MAPK signalling pathway under elevated CO 2 (Sun et al., 2013; Zavala et al., 2013) . Evidence in support of this hypothesis, however, is lacking.
In this study, we tested the hypothesis that plants can regulate induced defences and stomatal movement in response to elevated CO 2 via modifying MAPK signalling pathways, which subsequently alter both resistance against aphids and hydraulic effects of aphid feeding. By using three stably transformed plants, WIPK-, SIPK-, and MPK4-silenced Nicotiana atteunata, and their wild-type controls, we investigated the role of MAPKs during plant-aphid interactions under elevated CO 2 . The specific goals were to determine: (i) the effects of elevated CO 2 on the gene expression of WIPK, SIPK, and MPK4 in wild-type plants; (ii) the involvement of MAPK components in stomatal closure-mediated water availability and defence signalling pathways of plant genotypes in response to elevated CO 2 ; and (iii) the effects of elevated CO 2 on the abundance and feeding efficiency of aphids on the four plant genotypes.
Materials and methods

Atmospheric CO 2 treatments
The present study was performed in six dynamic CO 2 chambers (Safe PRX-450B, 68 cm long, 68 cm wide, and 185 cm high). The chambers were maintained at 22 ± 0.8°C and 70 ± 2% relative humidity, with a 16 h light and 8 h dark photoperiod and 405 µmol m -2 s -1 of active radiation supplied by 18 fluorescent lamps (60 W) during the light period.
Two CO 2 levels, the current ambient level of 400 ± 20 ppm and the level predicted for the end of this century, 700 ± 20 ppm, were applied (Stocker et al., 2013) . Three chambers were used for each CO 2 treatment. Elevated CO 2 concentrations were monitored and adjusted with an infrared CO 2 transmitter (Ventostat 8102, Telaire Company, Goleta, CA, USA) once every 2 s to maintain stable CO 2 concentrations.
Host plants and aphids
Nicotiana attenuata wild-type plants and RNAi plant strains inverted repeat (ir)MPK4, irSIPK, and irWIPK were kindly provided by Professor Ian T Baldwin, Max Planck Institute for Chemical Ecology, Germany. The transformed lines irMPK4, irSIPK, and irWIPK were previously characterized (Wu et al., 2007; Gilardoni et al., 2011; Hettenhausen et al., 2012 , Kallenbach et al., 2012 . Seeds were germinated as previously described by Krügel et al., 2002 . After they emerged, the seedlings were individually transplanted into plastic pots, 12 cm in diameter and 14 cm high, containing the same soil mixture of 75 g/kg organic C, 500 mg/kg N, 200 mg/kg P, and 300 mg/kg K. During the entire study, 120 plants of each genotype under each CO 2 level were used for experiments and the details described in the following sections. All four genotypes were exposed to the CO 2 treatments, and the plants were randomly repositioned weekly to minimize position effects. The plants were watered on alternate days.
The tobacco-feeding strain of the green peach aphid (Myzus persicae) was collected from tobacco fields at the Observation Station of the Global Change Biology of the Institute of Zoology, CAS in Xiaotangshan County, Beijing, China. Nymphal instars from the same parthenogenetic female were reared on wild-type N. attenuata seedlings in photoclimatic chambers for more than 10 generations before the experiments were initiated.
After growing the plants for 4-6 weeks, they were used to assess aphid fitness parameters, aphid feeding behaviour, and plant responses as described in the following sections.
Aphid number and mean relative growth rate (MRGR)
To determine how aphid numbers were affected by plant genotype and CO 2 levels, plants of each genotype were randomly selected and infested with five apterous, fourth instar nymphs. The plants with these nymphs were individually caged with clip cages with 80 mesh gauze and placed in the six CO 2 chambers, with six plants of each genotype per chamber. Each combination of genotype and CO 2 level was represented by 18 plants. The aphids on each plant were counted 7, 11, 14, and 17 d after the plants were infested and placed in the chambers. To determine how the MRGR of aphids was affected by plant genotype and CO 2 levels, ~1500 newly emerged first instar nymphs were obtained from wild-type plants reared under ambient CO 2 . Groups of 10 aphids were weighed together (W 1 ) with an automatic electro balance (Model BT25S, Sartorius, Gottingen, Germany) and then placed on each N. attenuata plant. These same aphids were weighed again (W 2 ) 6 d after they were placed on the plants. The MRGR of the aphids was calculated as follows: MRGR=(lnW 2 -lnW 1 )/t, where W 1 is the initial weight, W 2 is the final weight, and t is the time in d between weight determinations.
Aphid feeding behaviour
The probing and feeding behaviour of aphids on each plant genotype was studied via electrical penetration graph (EPG) analysis (Manual-Giga-8d.pdf http://www.epgsystems.eu/downloads, section Manuals). One apterous adult aphid was placed on a single leaf and its feeding behaviour monitored for 8 h once they were connected to the EPG device. Two eight-channel amplifiers simultaneously recorded probing and feeding activities of aphids on plants and data was collected using the software Stylet+ (Wageningen, The Netherlands). Adult aphids were immobilised on ice and the aphid dorsum attached to a gold wire (2 cm long, 18.5 µm in diameter; EPG Systems, Wageningen, The Netherlands) using a hand-mixed, water-based silver conductive paint glue (EPG Systems). Next, the other side of the gold wire was glued with a droplet of paint to a copper extension wire, 2 cm in length, which was inserted into the input of the EPG headstage amplifier. Another copper electrode, 10 cm long and 2 mm in diameter, was inserted into the soil of the plant container. Aphids were starved for approximately 1 h as part of an adaptation period between the time of wiring and the beginning of EPG recording. Then, the aphids were placed on the abaxial side of one of the rosette leaves of the plants. Plant, aphid and amplifier were placed in a Faraday cage to avoid noise.
Waveform patterns in this study were scored according to following previously described categories: non-penetration (NP), intercellular apoplastic stylet pathway where the insects show cyclic activity of mechanical stylet penetration and saliva secretion (C); short intracellular punctures (pd); salivation into phloem sieve elements at the beginning of the phloem phase (E1); passive phloem sap uptake from the sieve element (E2); derailed stylet mechanics (F); and active intake of xylem sap (G) (Garzo et al., 2016) . To analyse the effects of elevated CO 2 on aphid feeding behaviour, a set of EPG variables were calculated as described by Backus et al., (2007) : insect individuals that produced the waveform type (IPW); the number of waveform events per insect (NWEI); the total waveform duration per insect (WDI); and the waveform duration per event (WDE) under each treatment. Aside from the initial time to pd, namely the prolonged period before the first probe is thought to reflect the effects of surface resistance, initial time to E1 that indicates the ease of phloem access, and initial time to G that indicates the ease of xylem access, were also calculated. The EPG analysis was based on data collected from 24 aphids for each combination of plant genotype and CO 2 level; a different individual aphid and plant were used for each replicate (Tjallingii & Esch, 1993) .
Stomatal aperture, stomatal conductance, transpiration rate, relative water content and chemical determination
The stomatal conductance and water transpiration rate were measured in eight aphid-infested plants and eight uninfested plants for each combination of genotype and CO 2 level. For infested plants, one rosette leaf per plant was infested with 50 apterous fourth instar nymphs; the leaf with aphids was caged with 80-mesh gauze and the aphids removed after 24 h. For uninfested plants, one rosette leaf per plant was treated in the same way but was not infested with aphids. Each caged leaf was assessed using a Li-Cor 6400 gas exchange system with a leaf chamber fluorometer (6400-40; Li-Cor Inc., Lincoln, NE, USA). The CO 2 concentration of the incoming CO 2 was adjusted to 400 ppm or 700 ppm. Relative humidity corresponded to ambient conditions, at around 55-60%. Before gas exchange was measured, illumination was set to 90% red and 10% blue and photosynthetic active radiation (PAR) for the leaf in the measuring cuvette was increased in steps to 2000 μmol m -2 s -1
. The stomatal conductance and transpiration rate were measured when the rate was stable for at least 2 min.
Stomatal apertures were determined from leaves taken from six infested and six uninfested plants of each genotype per CO 2 level. Leaves were fixed in 2.5% glutaraldehyde in 1 mM sodium phosphate buffer at pH 6.8, for 12 h. Samples were dehydrated in an ethanol series of 50, 60, 70, 90, and 100% for 15 min at each concentration. The samples were subjected to critical point drying in CO 2 and coated with gold using an Eiko 1B.5 sputter coater (Eiko, Tokyo, Japan). The samples were examined with a Hitachi s570 scanning electron microscope (Tokyo, Japan) at an accelerating voltage of 5 to 15 kV, and the stomatal apertures measured (Gardingen et al., 1989) .
To determine relative water content of plants, six infested and six uninfested plants of each genotype per CO 2 level were harvested. The fresh weight (fw) of each leaf was measured and the leaves rehydrated in distilled water for 24 h at 15°C in darkness to obtain the weight at full turgor (tw). The leaf dried weight (dw) was measured after 72 h at 65°C. Leaf relative water content (RWC) was measured using the following formula (Barrs and Weatherley, 1962) : RWC (%) = (fw-dw) x 100/(tw-dw).
Another six infested and six uninfested plants of each genotype per CO 2 level were stored at -78°C for quantification of phytohormones and for extraction of RNA as described later. For the infested plants, the aphid-caged regions were chosen and collected. Approximately 200 mg of fresh weight leaf tissue per plant was pooled for JA and SA quantification as previously described . In addition, four uninfested wild-type plants per CO 2 level aged 4-, 5-, and 6-weeks-old were harvested for determination of MPK4, WIPK, and SIPK gene expression as described in the next section.
Gene expression
The RNA Mini Kit (Qiagen) was used to isolate total RNA from N. attenuata leaves using 50 mg of leaf samples stored at -70°С and 2 μg of RNA was used to generate cDNA. The amount of mRNA of target genes was quantified using real-time quantitative PCR; the target genes were WIPK, SIPK, MPK4, pathogenesis-related protein (PR), and allene oxide cyclase (AOC). Specific primers for the target genes were designed from N. attenuata sequences (https:// www.ncbi.nlm.nih.gov/nuccore) using PRIMER 5 software (see Supplementary Table S1 at JXB online). The PCR reactions were performed in a 20 μL total reaction volume containing 10 μL of 2× SYBR Premix EX Taq TM (Qiagen) master mix, 1 μL of 5 μM gene-specific primer, and 1 μL of 50 ng/μL cDNA templates. The reactions were performed using the Mx 3500P detection system (Stratagene) with the following parameters: 2 min at 94°C; followed by 40 cycles of 20 s at 95°C, 30 s at 56°C, and 20 s at 68°C; and a final cycle of 30 s at 95°C, 30 s at 56°C, and 30 s at 95°C. This PCR protocol produced melting curves that were used to determine the specificity of PCR products. A standard curve was derived from serial dilutions to quantify the copy numbers of target mRNAs. The relative level of each target gene was standardized after comparing the copy numbers of target mRNA with copy numbers of the reference gene actin 2, which had been shown to have constant transcript levels by microarray analysis, RNA gel blotting, and qRT-PCR after insect infestation and wounding treatments (Hettenhausen et al., 2012; Wu et al., 2013) . The fold-change of target gene expression was calculated using the 2 -ΔΔCt method to normalize the data (Livak and Schmittgen, 2001) .
Statistical analyses PASW Statistics 18.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. Two-way ANOVA was used to analyse plant stomatal aperture, plant transpiration rate, and MAPK gene expression of uninfested plants. Two-way ANOVA was also used to analyse the MRGR of aphids and feeding behaviour parameters. Three-way ANOVA was used to compare uninfested and infested wild-type and irMPK4 plants for WIPK, SIPK, and MPK4 expression, JA and SA content, JA-and SA-related gene expression, and plant stomatal aperture, transpiration rate, and plant relative water content. Tukey's multiple range tests were used to separate means when ANOVAs were significant. Repeated ANOVA analyses were used to compare aphid numbers. All data were checked for normality and equality of residual error variances and appropriately transformed (log or square root) if needed to satisfy the assumptions of analysis of variance.
Results
Elevated CO 2 decreased stomatal apertures by up-regulating the expression of MPK4
Elevated CO 2 significantly up-regulated the expression of MPK4 in 4-, 5-, and 6-week-old plants, but down-regulated the expression of WIPK in 6-week-old plants and did not affect the expression of SIPK in all plants (Fig. 1a-c) . Elevated CO 2 also decreased the stomatal apertures and the stomatal conductance of wild-type, irWIPK, and irSIPK plants but did not affect the stomatal apertures or stomatal conductance of irMPK4 plants (Fig. 1d-f ). Elevated CO 2 decreased the transpiration rate of wild-type, irWIPK, and irSIPK plants but did not affect the transpiration rate of irMPK4 plants (Fig. 1g) .
MPK4 is required for the decrease in stomatal apertures induced by aphid infestation
We compared the stomatal aperture width, leaf transpiration rate, water use efficiency, and relative water content of all four genotypes infested with aphids. Regardless of CO 2 level, the stomatal apertures and leaf transpiration rates in wild-type, irWIPK, and irSIPK plants were reduced 24 h post aphid infestation relative to the uninfested controls. In contrast, aphid infestation did not decrease the stomatal apertures or transpiration rate in irMPK4 plants regardless of CO 2 level (Fig. 2a,b) . Aphid infestation also did not affect the water use efficiency in wild-type and irWIPK plants under either CO 2 level and did not affect these parameters in irSIPK plants under elevated CO 2 . In contrast, aphid infestation decreased the water use efficiency of irMPK4 plants under both CO 2 levels and of irSIPK plants under ambient CO 2 (Fig. 2c) . Aphid infestation did not affect the relative water content of wild-type and irSIPK plants under either CO 2 level and of irWIPK plants under ambient CO 2 . However, the relative water content of irMPK4 plants under both CO 2 levels and of irWIPK plants under elevated CO 2 was decreased by 24 h of aphid infestation (Fig. 2d) .
Elevated CO 2 decreased the stomatal apertures and the transpiration rates of wild-type, irWIPK, and irSIPK plants but did not affect the stomatal apertures of irMPK4 plants regardless of aphid infestation (Fig. 2a, b) . Elevated CO 2 increased the water use efficiency and the relative water content of wild-type, irWIPK, and irSIPK plants but did not affect the water use efficiency and relative water content of irMPK4 plants regardless of aphid infestation (Fig. 2c, d) .
The stomatal apertures and leaf transpiration rates were higher for irMPK4 plants than for the other three genotypes under both CO 2 levels. Furthermore, the water use efficiency and relative water content were lower for irMPK4 plants than for the other three genotypes when infested by aphids under both CO 2 levels.
Elevated CO 2 up-regulated the expression of MPK4 but did not affect the expression of WIPK and SIPK in wild-type plants
Regardless of aphid infestation, elevated CO 2 up-regulated the expression of MPK4 but did not affect the expression of WIPK and SIPK in wild-type plants. A period of 2-24 h of aphid infestation did not affect the expression of WIPK but up-regulated the expression of MPK4 and SIPK in wild-type plants regardless of CO 2 level (Fig. 3a-c) . Thus, aphid infestation and elevated CO 2 individually and in combination activated MPK4, while only aphid infestation activated SIPK.
Activation of MPK4 signalling suppresses JA signalling pathway
To understand the role of MAPK in the regulation of JA and SA signalling pathway in N. attenuata in response to aphid infestation, we infested plant leaves with 50 adult aphids. At Fig. 1 . The relative expression levels of MPK4, WIPK, and SIPK in wild-type plants unde different CO 2 conditions. The relative expression levels of (a) MPK4, (b) WIPK, and (c) SIPK in wild-type (WT) plants grown for 4, 5, or 6 weeks under ambient and elevated CO 2 . (d-g) The effect of elevated CO 2 on plant stomatal apertures and transpiration rates. For (a-c), (d), (f), and (g), different lowercase letters indicate significant differences between ambient and elevated CO 2 within the same genotype; different uppercase letters indicate significant differences among the four genotypes within the same CO 2 level. ACO 2 , ambient CO 2 ; ECO 2 , elevated CO 2 . (This figure is available in colour at JXB online.) 24 h after infestation, SA and JA content and PR1 and AOC expression levels were higher in infested plants than in uninfested plants of all four genotypes (Fig. 4) . When infested Fig. 3 . Relative expression of protein kinase genes for N. attenuata grown under ambient and elevated CO 2 at 2, 6, 12, and 24 h post aphid infestation. (a) Mitogen-activated protein kinase 4 (MPK4); (b) woundinduced protein kinase (WIPK); and (c) salicylic acid-induced protein kinase (SIPK). An asterisk indicates significant differences (P<0.05) between ambient CO 2 and elevated CO 2 at the same time point. Different lowercase letters indicate significant differences (P<0.05) among the different aphid infestation treatments under ambient CO 2 and different uppercase letters indicate significant differences (P<0.05) among the different aphid infestation treatments under elevated CO 2 . ACO 2 , ambient CO 2 ; ECO 2 , elevated CO 2 . (This figure is available in colour at JXB online.) Tukey's multiple range tests at P<0.05 were used to compare means. Different lowercase letters indicate significant differences among combinations of aphid treatments and CO 2 levels within the same genotype. Different uppercase letters indicate significant differences among genotypes within the same CO 2 and aphid treatments. ACO 2 , no aphid infestation under ambient CO 2 ; ACO 2 +MP, with aphid infestation under ambient CO 2 ; ECO 2 , no aphid infestation under elevated CO 2 ; ECO 2 +MP, no aphid infestation under elevated CO 2 . (This figure is available in colour at JXB online.)
by aphids, irMPK4 plants had higher SA and JA levels than wild-type plants regardless of CO 2 level (Fig. 4) . Elevated CO 2 increased the SA content and PR1 expression level across all genotypes and decreased the JA content and AOC expression level across all genotypes, except for irMPK4, when infested by aphids (Fig. 4) . Based on aphid abundance and their feeding behaviour on irAOC plants, which are deficient in JA biosynthesis, NahG plants, which are deficient in SA accumulation, and wild-type plants under ambient CO 2 , the JA signalling pathway was more efficient than the SA signalling pathway in providing resistance against aphids (Supplementary Fig. S1 ). Thus, the up-regulation of MPK4 by elevated CO 2 suppressed JA signalling in wild-type plants, and when MPK4 was silenced the JA signalling pathway could not be suppressed by elevated CO 2 .
Effects of WIPK, SIPK, and MPK4 on the feeding behaviour of aphids under elevated CO 2
We used EPG technology to determine the effects of WIPK, SIPK, and MPK4 on aphid feeding activities (Fig. 5 and Supplementary Table S2 ). The duration that aphids spent penetrating between cells en route to the vascular tissue, namely intercellular apoplastic stylet pathway (waveform C), was unaffected by elevated CO 2 or plant genotype (Fig. 5a ). Elevated CO 2 also did not affect the total time taken for intracellular punctures in epidermal or mesophyll cells (waveform pd) (Fig. 5b) and did not affect the time to the initial pd waveform regardless of plant genotype (Fig. 5e) . Aphids spent less time in attaining the initial pd waveform when feeding on irWIPK (WDI: 6.01 ± 0.88 min under ambient CO 2 and 6.56 ± 0.76 min under elevated CO 2 ) and irSIPK (WDI: 6.14 ± 0.54 min under ambient CO 2 and 6.54 ± 1.01 min under elevated CO 2 ) plants than on wild-type (WDI: 6.71 ± 0.93 min under ambient CO 2 and 6.90 ± 0.84 min under elevated CO 2 ) or irMPK4 (WDI: 6.95 ± 0.66 min under ambient CO 2 and 6.76 ± 0.58 min under elevated CO 2 ) plants under both CO 2 levels (Fig. 5e) . Aphids spent more time on penetration (waveform pd) when feeding on irMPK4 plants (WDI: 10.9 ± 0.83 min under ambient CO 2 and 10.0 ± 1.26 min under elevated CO 2 ) than on wild-type plants (WDI: 7.61 ± 0.29 min under ambient CO 2 and 7.03 ± 1.53 min under elevated CO 2 ) and spent less time on penetration when feeding on irSIPK (WDI: 4.10 ± 0.33 min under ambient CO 2 and 4.01 ± 1.28 min under elevated CO 2 ) plants than on wildtype plants regardless of CO 2 level (Fig. 5b) .
Elevated CO 2 reduced the time required to reach the phloem (Fig. 5f ) and reduced the salivation time in sieve elements (E1) of aphids feeding on wild-type (WDI: 15.4 ± 2.41 min under ambient CO 2 and 10.3 ± 1.05 min under elevated CO 2 ), irWIPK (WDI: 13.7 ± 2.77 min under ambient CO 2 and 7.87 ± 2.30 min under elevated CO 2 ), and irSIPK (WDI: 12.2 ± 2.39 min under ambient CO 2 and 5.20 ± 3.89 min under elevated CO 2 ) plants but not of aphids feeding on irMPK4 (WDI: 20.7 ± 1.98 min under ambient CO 2 and 16.6 ± 2.97 min under elevated CO 2 ) plants. Aphids spent more time on initial phloem salivation (E1) on irMPK4 plants (WDI: 105.2 ± 14.3 min under ambient CO 2 and 107.0 ± 11.4 min under elevated CO 2 ) than on plants of the other genotypes under both CO 2 levels. Moreover, elevated CO 2 increased the passive phloem ingestion time (E2) for 73.6 ± 8.06 min under ambient CO 2 and 139.6 ± 19.6 min under elevated CO 2 ) plants. When MPK4 was silenced, the passive phloem ingestion time of aphids was unaffected by CO 2 level. Aphids spent less time in passive phloem ingestion Fig. 5 . Electronic penetration graph (EPG) parameters of Myzus persicae in various feeding activities on wild-type, irMPK4, irWIPK, and irSIPK plants grown under ambient and elevated CO 2 for 8 h as determined using EPG technology. (a) Total time spend in C; (b) total time spend in pd; (c) total time spend in E1; (d) total time spend in E2; (e) time to initial pd; (f) time to initial E1; (g) total time spent in G; and (h) time to initial G. Each value is the mean±standard error of 24 replicates. Different lowercase letters indicate significant differences between CO 2 levels within the same genotype. Different uppercase letters indicate significant difference among genotypes within the same CO 2 level. (This figure is available in colour at JXB online.) (E2) when feeding on irMPK4 (WDI: 53.0 ± 12.3 min under ambient CO 2 and 50.7 ± 28.2 min under elevated CO 2 ) plants than on plants of the other genotypes, regardless of CO 2 level. Aphids spent more time on passive phloem ingestion when feeding on irSIPK (WDI: 73.6 ± 8.06 min) plants than on wild-type plants (WDI: 61.5 ± 4.50 min) under ambient CO 2 (Fig. 5d) .
Interestingly, the aphids also spent more time reaching the xylem to absorb water and less time in total xylem absorption (waveform G) when feeding on irMPK4 plants than on plants of the other genotypes (Fig. 5g) . Elevated CO 2 reduced the time to initial xylem absorption and increased the xylem absorption (waveform G) time for aphids feeding on wild-type (WDI: 37.3 ± 7.87 min under ambient CO 2 and 57.3 ± 7.56 min under elevated CO 2 ), irWIPK (WDI: 34.4 ± 4.88 min under ambient CO 2 and 52.9 ± 9.35 min under elevated CO 2 ), and irSIPK (WDI: 37.3 ± 8.05 min under ambient CO 2 and 53.7 ± 9.66 min under elevated CO 2 ) plants but did not affect the xylem absorption time for aphids feeding on irMPK4 (WDI: 24.2 ± 4.12 min under ambient CO 2 and 27.0 ± 5.35 min under elevated CO 2 ) plants (Fig. 5g, h ).
Effects of WIPK, SIPK, and MPK4 on the growth and abundance of aphids under elevated CO 2
The MRGR of aphids and aphid numbers were similar on irWIPK and wild-type plants (Fig. 6 ) but were higher on irSIPK plants than on wild-type plants under ambient CO 2 . In contrast, the MRGR of aphids and aphid numbers were substantially lower on irMPK4 plants than on wild-type plants regardless of CO 2 level (Fig. 6) .
Elevated CO 2 increased the MRGR of aphids and aphid numbers on wild-type, irWIPK, and irSIPK plants (Fig. 6 ). Elevated CO 2 did not significantly affect the MRGR of aphids or aphid numbers on irMPK4 plants (Fig. 6 ).
Discussion
Nutritional value, defence, and water status vary within and between plant species and influence the performance of herbivorous insects (Awmack and Leather, 2002) . A recent report provided evidence that elevated CO 2 alters host quality and palatability and consequently affects aphid feeding . The current study showed that NaMPK4 in wildtype plants was up-regulated by elevated CO 2 , which resulted in stomatal closure and increased water use efficiency and therefore increased xylem absorption time of aphids. We also found that MPK4 helped aphids establish phloem feeding sites by suppressing efficient host resistance. The data showed that the up-regulation of MPK4 in N. attenuata under elevated CO 2 benefits M. persicae feeding and colonization.
A recent study showed that MAPK signalling is involved in both stomatal development and movement in response to environmental stimuli including elevated CO 2 (Lee et al., 2016) . Proteomics and transcriptomics studies showed that MPK4 in Arabidopsis guard cells can be activated by an increased influx of CO 2 and that once activated, MPK4 inhibits HT1 and thereby induces stomatal closure (Marten et al., 2008; Zhao et al., 2008; Hõrak et al., 2016) . Consistent with these previous results, we found that irMPK4 N. attenuata plants had larger stomatal apertures than wild-type plants and were unable to close their stomata under elevated CO 2 . MPK3 and MPK6 in Arabidopsis were also reported to act as negative regulators of stomatal aperture by controlling differentiation of stomatal cells (Lampard et al., 2009 ). In the current study, stomatal apertures of irWIPK and irSIPK plants were similar to those of wild-type plants and elevated CO 2 decreased stomatal apertures in both irWIPK and irSIPK plants, indicating that CO 2 -induced stomatal closure is independent of WIPK and SIPK in N. attenuata. These results suggest that the up-regulation of MPK4 is an adaptive response of plants to elevated CO 2 .
Previous studies showed that stomatal closure induced by elevated CO 2 increased water content in M. truncatula plants and increased leaf temperature in soybean, enhancing the performance of the pea aphid Acyrthosiphon pisum and the soybean aphid Aphis glycines (O'Neill et al., 2011; Sun et al., 2015) . At the outset of this study, we hypothesized that upregulation of MPK4 under elevated CO 2 would induce stomatal closure and thereby increase plant water availability and aphid feeding efficiency. Consistent with this hypothesis, elevated CO 2 increased the water content of wild-type N. attenuata but not of irMPK4 plants and also increased the duration of xylem absorption of aphids on wild-type plants but not on irMPK4 plants. Regardless of CO 2 level, aphid-infested irMPK4 plants had larger stomatal apertures and lower water content than infested wild-type plants and aphids required more time to reach the xylem and spent less time on xylem feeding when on irMPK4 plants than on wildtype plants, suggesting that MPK4 promotes the hydration of M. persicae on N. attenuata. These results demonstrate that MPK4 is required for both aphid-induced and CO 2 -induced stomatal closure, which synergistically increase the water content of host leaves and thereby facilitates passive phloem feeding and xylem absorption by aphids.
Substantial evidence indicates that the response of chewing herbivorous insects to elevated CO 2 is driven by changes in host resistance mediated by phytohormones and especially by down-regulation in the JA signalling pathway Zavala et al., 2008 Zavala et al., , 2013 Sun et al., 2016) . In addition, the ethylene signalling pathway was reported to co-regulate the expression of downstream defensive genes against herbivorous insects by synergistically working with JA pathways under ambient CO 2 (Song et al., 2014) . Elevated CO 2 downregulated the ethylene signalling pathway in M. truncatula, which subsequently impaired plant resistance against pea aphids (Guo et al., 2014) . Prior to the current study, there was no experimental evidence explaining why elevated CO 2 impairs JA and ethylene signalling pathway in plants, thus increasing susceptibility to herbivorous insects. One possible explanation was that elevated CO 2 increases reactive oxygen species production in plant cells, thereby activating the SA signalling pathway (Mhamdi and Noctor, 2016) . The up-regulation of the SA signalling pathway under elevated CO 2 suppresses the JA signalling pathway by activating NON EXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1) (DeLucia et al., 2012; Zavala et al., 2013; Zhang et al., 2015) . However, when NPR1 is knocked down JA-dependent defences in Arabidopsis are not enhanced by elevated CO 2 , suggesting that NPR1 activation may not be the only explanation for the impairment of the JA and ethylene signalling pathways under elevated CO 2 (Sun et al., 2013) . One of the early plant signalling events involved in resistance against herbivorous insects is the activation of MAPKs, which leads to the accumulation of phytohormones including JA (Chaudhary et al., 2014; Prince et al., 2014; Hettenhausen et al., 2015) . In the current study, the JA signalling pathway was weaker in aphid-infested irSIPK plants than in aphid-infested wild-type plants but was stronger in infested irMPK4 plants than in infested wild-type plants, suggesting that the JA signalling pathway is negatively regulated by MPK4 and positively regulated by SIPK. As the JA signalling pathway provides stronger defence against aphids than the SA signalling pathway (Moran and Thompson 2001; Zhu-Salzman et al., 2004) , aphid stylet penetration duration was reduced and fitness was higher on irSIPK plants than on wild-type plants, while aphid style penetration duration was longer and aphid fitness was lower on irMPK4 plants than on wild-type plants. These results suggest that plant immunity against aphids is negatively regulated by MPK4 and positively regulated by SIPK. We found that in N. attenuata elevated CO 2 up-regulated the expression of MPK4 but did not affect the expression of SIPK. Elevated CO 2 also suppressed the JA signalling pathway and thereby reduced the time required for aphid stylets to reach the phloem and increased the total phloem feeding time. This is the first evidence that suppression of the JA signalling pathway in host plants under elevated CO 2 results from the activation of upstream MPK4. As a matter of fact, many transcriptional factors, such as WRKY genes, were reported to be involved in MAPK-activated regulation of phytohormone-mediated defences but few studies have provided experimental evidence on how WRKY genes respond to elevated CO 2 , with the exception of WRKY21, which was upregulated in Larrea tridentata under elevated CO 2 (Zou et al., 2007) . Thus, additional investigations are needed to determine how these transcriptional factors are coordinated in phytohormone signalling networks under elevated CO 2 conditions. Although few plant-encoded molecular determinants have been identified, many studies have suggested that the mechanism underlying insect responses to elevated CO 2 largely depends on the cascading effects from plants at molecular and physiological levels (Zavala et al., 2013) . The current study showed that, in addition to being a CO 2 -responsive molecule that helps plants adapt to elevated CO 2 , MPK4 increases plant susceptibility to aphids. The two effects of MPK4 revealed by this study, namely the suppression of the JA signalling pathway and the reduction of stomatal aperture under elevated CO 2 , increased aphid feeding efficiency and therefore aphid fitness. When MPK4 was silenced, elevated CO 2 had little effect on N. attenuata and its interaction with M. persicae. Taken together, these results indicate that the strategies used by plants to adapt to climate change can enhance aphid colonization in N. attenuata (Fig. 7) .
In summary, this study has identified a role for MPK4 that benefits aphids under elevated CO 2 . We have also demonstrated that the modification of a single host plant gene can affect the ecophysiological characteristics of a herbivorous insect under elevated CO 2 .
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